In second-order quantum phase transitions from magnetically ordered to paramagnetic states at T = 0, tuned by pressure or chemical substitution, a quantum critical point is expected to appear with critical behavior manifesting in the slowing down of spin fluctuations in the paramagnetic state and a continuous development of the order parameter in the ordered state. Quantum criticality is discussed widely as a possible driving force for unconventional superconductivity and other exotic phenomena in correlated electron systems. In the real world, however, quantum critical points and quantum criticality are often masked by a preceding first-order transition and/or the development of competing states. Pressure tuning of the itinerant-electron helical magnet MnSi is a well-known example of the suppression of a quantum critical point due to a first-order phase transition and resulting destruction of the ordered state. Utilizing muon spin relaxation experiments, here we report that 15% Fe-substituted (Mn,Fe)Si exhibits completely different behavior with pressure tuning, including the restoration of second-order quantum critical behavior and a quantum critical point at p QPC~2 1-23 kbar, which coincides with the T = 0 crossing point of the extrapolated phase boundary line of pure MnSi. This result is quantitatively consistent with the recent theory of itinerant-electron ferromagnets by Sang, Belitz, and Kirkpatrick, who argued that disorder would restore a quantum critical point which is otherwise hidden by a firstorder transition.
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INTRODUCTION
A first-order phase transition is associated with a discontinuous change of the order parameter (such as staggered magnetization), while a second-order transition involves the slowing down of critical fluctuations at the phase boundary and a continuous development of the order parameter from zero in the disordered phase to non-zero values in the ordered phase. Whereas thermal phase transitions are achieved by changing the temperature T, quantum phase transitions occur when the phase boundary is crossed at T → 0 by tuning nonthermal parameters, such as pressure or chemical composition. Quantum phase transitions have become an important topic in modern condensed matter physics. In addition to unconventional superconductors, [1] [2] [3] heavyfermion systems, 4, 5 and Mott transition systems, 6 extensive studies of thermal and quantum phase transitions have been conducted on itinerant-electron magnets, theoretically by Moriya 7 and Belitz, Kirkpatrick and others, 8, 9 and experimentally in MnSi tuned by temperature 10 and pressure [11] [12] [13] and in (Mn,Fe)Si, 14 (Sr,Ca)RuO 3 13 and (Sc,Lu) 3 In 15 by chemical substitution and/or pressure.
MnSi is a representative metallic magnet which has a small ordered moment (~0.4 Bohr magneton per formula unit at T = 0) and a helical spin structure below a relatively low ordering temperature T C~2 9 K in ambient pressure. From 1970 From -1990 , the thermal transition in this system was studied by neutron scattering 16 and muon spin relaxation (MuSR), 17 which observed second-order-like critical behavior and paramagnetic spin fluctuations, consistent with predictions of the self-consistent renormalization theory 7 developed for metallic ferromagnets. In 1997, Pfleiderer et al. 11 discovered that the magnetic order of MnSi can be suppressed by the application of hydrostatic pressure beyond a critical pressure p c~1 5 kbar, as shown in the phase diagram of Fig. 1a . MnSi has a hierarchy of energy scales, starting from the strongest ferromagnetic exchange interaction J, followed by the Dzyaloshinskii-Moriya interaction D which leads to helical spin correlations, and finally the crystal anisotropy I, which stabilizes the moment direction. The interplay of these energy scales, combined with the B20 crystal structure that lacks inversion symmetry, results in a variety of novel phenomena, including a Skyrmion lattice state in applied magnetic fields below T C 18, 19 and chiral spin fluctuations/Skyrmion liquid above T C . [20] [21] [22] At temperatures 1-2 K above T C in ambient pressure, the spin correlation length ξ in MnSi becomes comparable to the pitch length l~18 nm of the helical spiral, transforming the ferromagnetic critical behavior into helical spin fluctuations. The process of stabilizing the helical fluctuations by I leads to weakly first-order behavior at T C , as detected by neutron scattering (chiral fluctuations), 10, [20] [21] [22] transport (sharp peaking in the T-derivative of the resistivity), 11, 23 and specific heat 23 (a shoulder above T C with a sharp peak at T C ). In MuSR studies, this feature is manifest as a discontinuous change of the order parameter below T C 24 and a modification of the critical exponent above T C . 25, 26 The spin correlation time τ, however, keeps increasing with decreasing T even in this narrow temperature region above T C , 22 resulting in a peak of the muon spin relaxation rate 1/T 1 at T C . 13, 17, 25, 26 This narrow temperature region above T C is illustrated by the pink region (HF) in Fig. 1a .
As the pressure is increased above p*, the ac susceptibility of a clean specimen (with residual resistivity ratio RRR = 243) was observed to exhibit a clearly discontinuous change at T C , 11 indicating a first-order thermal transition. The ordering temperature, which decreases nearly linearly with p from ambient pressure up to p*, acquires a steeper slope at p* < p < p c , 11 while neutron scattering 12 observes a diffuse signal (initially called 'partial order') below the extrapolated T C (p) line (broken line in Fig. 1a ). MuSR measurements with pressure 13 showed that the "partial order", seen in the blue region "D" in Fig. 1a , is a manifestation of slow dynamic spin fluctuations with the time scale τ~10 −10 -10 −11 s. Zero-field nuclear magnetic resonance (NMR) 27 and MuSR 13, 28 measurements in MnSi found that the magnitude of the static internal magnetic field at T → 0, which is proportional to the ordered moment size, exhibits only a slight reduction with increasing p at p* < p < p c , followed by an abrupt reduction to zero above p c . This discontinuous change of the order parameter at p c clearly demonstrates the first-order character of the quantum phase transition in MnSi tuned with pressure p. Signatures of phase separation between ordered and disordered volumes were reported from MuSR 13 and NMR 27 experiments at p* < p < p c , corresponding to the green region "P" in Fig. 1a . Neutron scattering observed a continuous variation of the helical Bragg peak intensity I B at T = 2 K near p c . 29, 30 This, however, cannot be taken as evidence for a second-order quantum transition, since I B ∝ S 2 × V ord is proportional to the product of the square of the ordered moment S and the volume fraction V ord of the ordered region, and neutron studies cannot distinguish between contributions from S and V ord . In the case of MnSi, the continuous variation of I B is due to the discontinuous change of S at p c multiplied by the continuous development of V ord below p = p c .
RESULTS
In this paper, we report MuSR measurements of (Mn,Fe)Si with 15% Fe in ambient and hydrostatic pressure. We find that this Fedoped sample exhibits drastically different behavior than the above-mentioned results in pure MnSi. Although both (Mn,Fe) substitution 14 and the application of pressure suppress the magnetic order in MnSi, these two tuning methods could be different, as the former varies both the carrier density and lattice constant, 31 while the latter mainly alters the band width, in a way reminiscent of filling and band-width control in Mott transitions. 6 As shown in Fig. 1a , iron substitution suppresses T C in (Mn 0.85 Fe 0.15 )Si to T C~4 K at ambient pressure. At the genral purpose decay-channel (GPD) instrument of the Paul Scherrer Institut (PSI), we carried out MuSR measurements in zero field (ZF) and longitudinal field (LF) on a single crystal specimen of (Mn 0.85 Fe 0.15 )Si in hydrostatic pressure p using a standard piston pressure cell and a 3 He cryostat. 32 Details of the MuSR method, crystal preparation, and the pressure cell are described in the "Methods" section. The static magnetic order in (Mn 0.85 Fe 0.15 )Si survives up to p c = 21-23 kbar with clear signatures of dynamic critical behavior, a continuous evolution of the ordered moment size, and a full magnetically ordered volume fraction. These behaviors demonstrate the restoration of second-order thermal and quantum phase transitions due presumably to substantial disorder caused by the (Mn,Fe) substitution.
Figure 2a-e displays representative zero-field (ZF) MuSR time spectra from (Mn,Fe)Si in ambient and applied pressure. These spectra include contributions not only from the sample but also from the pressure cell, which corresponds to about 45% of the total signal amplitude. The ZF MuSR spectra under ambient pressure (Fig. 2a) show fast relaxation below T C~4 K and a strongly overdamped oscillation at 0.25 K. This indicates that the static internal magnetic field of (Mn 0.85 Fe 0.15 )Si has a broad distribution, in contrast to that of MnSi, which may be attributed to spatially random (Mn,Fe) substitutions. The spectra at p = 11.7 kbar in Fig. 2b , in the vicinity of p* for pure MnSi, are qualitatively the same as at ambient pressure, but without any clear oscillation observed down to T = 0.25 K. As shown in Fig. 2c, d , fast relaxation is observed in (Mn,Fe)Si even at p = 16.4 and 19.3 kbar, i.e., pressures higher than the critical pressure p c for pure MnSi. The fast relaxation in ZF at low temperature finally disappears at p = 23 kbar (Fig. 2e) . The ZF relaxation at T = 0.25 K for p = 0-19.3 kbar can be substantially restored (decoupled) by the application of a small LF = 500 G, as shown in Fig. 2f , which confirms that static Open triangles represent the magnetic transition temperature determined by resistivity and susceptibility, 11 gray-colored triangles from MuSR, 13 and closed triangles represent the onset temperature of diffuse scattering "partial order" in quasi-elastic neutron scattering (QNS). 12 The yellow-colored region (S) represents the helically ordered phase, the green colored region (P) indicates phase separation between ordered and paramagnetic phases, and the blue colored region (D) indicates slow, dynamic, diffusive helical spin fluctuations. 12, 13 The small pink region (HF) above T C has helical spin fluctuations leading to a weakly first-order thermal transition. magnetic order is the origin of the observed ZF relaxation at low temperatures. The absence of fast relaxation in ZF at p = 23 kbar also confirms that muons landing in the pressure cell do not make significant contributions to the observed temperature dependence of the MuSR spectra. We analyzed the ZF-MuSR spectra P(t) with the formula
where A sp , A cl , and A bg correspond to the initial asymmetries for the signals from the sample, pressure cell, and pressureindependent background, respectively. These parameters are fixed for all temperatures, and fixed for pressures in a given pressure cell (we used two cells), with typical contributions close to 45, 45, and 10% each of the total asymmetry signal. The time evolution of the signal from the sample, G sp (t) was fitted with the form
with f mag representing the volume fraction of the magnetically ordered region, and 1/T 1 the dynamic muon spin relaxation rate. Among a few possible choices of functional forms for representing the effect of static internal fields from the ordered moments, the best fit to the observed data were obtained by the generalized Kubo-Toyabe function G gkt (t)
where σ denotes the static relaxation rate proportional to the ordered moment size, and β is the stretching power, ranging between 1.1-1.4, which was fixed independent of temperature for a given pressure. More details of the data analysis in ZF, including estimates of the cell and background contributions, are presented in the Supplementary Information (SI) together with the fitted results of each parameter for all the pressure and temperature values. Figure 3a shows the temperature dependence of the magnetic volume fraction V M = f mag in (Mn,Fe)Si. Although the thermal transition exhibits a small spread/rounding indicated by a gradual increase of V M , magnetic order occupies the full volume at T = 0.25 K for p = 0-19.3 kbar, and the system becomes fully paramagnetic at p = 23 kbar. Figure 3b shows that the width σ of the static internal field, proportional to the order parameter, exhibits a nearly linear increase with decreasing temperature below T C . The values of V M and σ at T = 0.25 K are shown in Fig. 3c as a function of pressure p. These results include clear signatures of second-order quantum critical behavior: an abrupt reduction of V M from 1.0 to zero across p~20 kbar, and a continuous increase of σ (T → 0) from 0 to nonzero values as p is decreased below the critical pressure. The pressure-tuned destruction of the magnetic order with a continuous reduction of the order parameter σ in (Mn,Fe)Si, shown in Fig. 3c , is in clear contrast to the "volume-wise destruction" of magnetic order in pure MnSi, shown in Fig. 3e . The former is expected for second order quantum criticality, and the latter for first-order quantum evolution.
To study the effects of dynamic spin fluctuations in (Mn,Fe)Si, we also performed MuSR measurements in LF = 500 G, and analyzed the data with
using the fit time range of 0.1-2 μs, as illustrated in Fig. 2f for low temperatures. For the data analysis in LF, the parameter A sp was allowed to vary as a temperature-dependent parameter representing different degrees of LF decoupling for different magnitudes σ of the static internal field below T C . As shown in Fig. 3d , 1/T 1 exhibits a clear maximum due to critical slowing down of spin fluctuations around T C for all the pressure values between p = 0-19.3 kbar. Qualitatively similar behavior can also be seen in the variation of 1/T 1 in ZF shown in the SI, and the magnitude of 1/T 1 exhibits a dependence on LF similar to the known results for pure MnSi at ambient pressure. 26 The prominent peaks in the plot of 1/T 1 vs T for (Mn,Fe)Si over a wide pressure range in Fig. 3d is in a clear contrast to the pressure dependence of 1/T 1 observed in pure MnSi 13 re-plotted here in Fig. 3f , where the peaking of the relaxation rate was suppressed with increasing pressure and completely eliminated at p~p*. 
DISCUSSION
The results for pure MnSi and the more disordered (Mn 0.85 Fe 0.15 )Si are consistent with the theories of Belitz, Kirkpatrick and coworkers. 8, 9, [34] [35] [36] [37] Considering the effect of a negative m 3 ln(m) term of the magnetization m (order parameter) on the free energy in itinerant ferromagnets due to soft modes and particle-hole excitations, they proposed that the second-order thermal transition in ferromagnets is replaced by a first-order transition at a tricritical point (TCP) when approaching the quantum critical point (QCP), as illustrated in Fig. 1b . 8, 9 This behavior matches the results in pure MnSi, except for the effect of helical spin correlations, which adds a weakly first-order character to the thermal transition before the TCP is reached, and phase separation at p* < p, which cannot be expected for ideally thermodynamic behavior in systems without disorder. 36, 37 In their recent studies, 36, 37 quenched disorder was suggested as a possible origin for the phase separation observed in pure MnSi. This situation is illustrated in Fig. 1b, c . Furthermore, they also recently predicted 34, 35 that the effect of disorder weakens the negative m 3 ln(m) term, leading to a reduction of the region between the TCP and QCP, and finally leads to a disappearance of the TCP as illustrated in Fig 1d. Table 1 35 ) expected in calculations without including large disorder. To this extent, the present results are quantitatively consistent with the theoretical prediction. Further theoretical studies, however, may be helpful to discuss the possible effect of the Dzyaloshinskii-Moriya interaction and to elucidate any relationship with different theoretical approaches. 39 Strong sensitivity of first-order behavior to disorder in pure MnSi was also found in ac-susceptibility measurements, which showed a discontinuous T dependence of the susceptibility at T C for p* < p < p c for a very pure specimen with RRR = 243, while a continuous gradual change was observed for a less clean specimen with RRR = 40, as demonstrated in Figs. 5 and 7 in ref. 11 A MuSR study 28 of a sample of MnSi with RRR = 40 reported firstorder quantum evolution but no phase separation at T → 0, in apparent disagreement with ref. 13 which found both first order He cryostat), demonstrating the continuous evolution of the order parameter σ from zero in the paramagnetic phase to finite values in the ordered phase, and the development of static magnetic order in the full volume fraction in the ordered phase at low temperatures. d Dynamic relaxation rate 1/T 1 observed in LF = 500 G. The sharp peak of 1/T 1 is a signature of dynamic critical behavior expected for a second-order thermal phase transition. e, f Results of a previous MuSR study 13 in pure MnSi, replotted here to be contrasted to those of (Mn,Fe)Si. Panel e demonstrates that the ordered moment size, proportional to the ZF MuSR frequency, changes discontinuously at the phase boundary, while the magnetic volume fraction changes continuously. Panel f demonstrates that the dynamic critical behavior is suppressed with increasing pressure and completely eliminated at p = 12.7 kbar for MnSi. This behavior in MnSi is characteristic of first-order quantum evolution
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evolution and phase separation at p* < p < p c in a cleaner crystal with RRR~100. This difference may be related to a general tendency toward second-order behavior in less clean systems. The red filled circles in the phase diagram of Fig. 1a mark the critical temperature T C of (Mn 0.85 Fe 0.15 )Si as determined from the peak position of 1/T 1 . It is quite interesting that the QCP of (Mn 0.85 Fe 0.15 )Si at p~21-23 kbar coincides with the extrapolation of the linear T C (p < p*) trend of MnSi to T = 0. Thus, the (Mn,Fe) substitution restored second-order quantum criticality and even revealed the QCP in pure MnSi hidden by the first-order thermal and quantum transitions for p > p*.
We note that phase separation of paramagnetic and magnetically ordered volumes is observed in many systems, including substitution-tuned (Sr,Ca)RuO 3 13 and RENiO 3 (RE = rare earth), pressure-tuned V 2 O 3 , 40 and high-T c cuprates with substitution and pressure tuning. 41, 42 It may seem counter-intuitive to imagine that greater disorder could help restore sharp features and second-order criticality near a QCP, since disorder often "smears out" sharp features. On the other hand, percolation networks and dilute-alloy spin glasses, which involve large amounts of disorder, exhibit second-order critical behavior, such as that illustrated in Fig. 1d . It would then be highly interesting to determine whether the present observation of the role of disorder for an itinerantelectron system could be extended to the cases of quantum phase transitions in other metallic ferromagnets, 43 Mott transitions systems, insulating magnets, and geometrically frustrated and/or low dimensional magnetic system.
Previous studies of quantum criticality in (Mn,Fe)Si have been performed mostly in ambient pressure with Fe composition as the tuning parameter. 14, 44, 45 Near the disappearance of magnetic order, which occurs for Fe concentrations of approximately 0.16-0.19, a continuous reduction of the ordered moment size was noticed. This suggests a tendency toward second-order criticality, consistent with the present results via pressure tuning. However, the present MuSR study provides some additional benefits beyond these earlier studies, in particular by involving only a fixed amount of disorder in a single sample, independently distinguishing the effects of pressure on moment size and volume fraction, and providing information on both the static order parameter and the dynamic critical behavior. Furthermore, the unexpected finding that the critical pressure for Fe 15% (Mn,Fe)Si is even larger than that of pure MnSi demonstrates that pressure and substitution tune the electronic structure not in a simple additive manner but in a more complicated way.
In conclusion, we demonstrated that the first-order thermal and quantum phase transitions in pure MnSi near QCP are replaced by second-order thermal and quantum transitions in (Mn 0.85 Fe 0.15 )Si. The QCP in MnSi, hidden in the pure compound by a preceding first-order quantum phase transition, is now revealed in (Mn,Fe)Si through the restorative effects of disorder. Up to now, most of the evidence for magnetic second-order quantum criticality have been based on magnetization, transport, or neutron scattering experiments, which reflect volume-integrated properties insensitive to phase separation. Together with the previous work 13 in pure MnSi, the present work in (Mn,Fe)Si has demonstrated the importance of using a volume-sensitive probe for elucidating quantum phase transitions. This work also demonstrates that for studying possible roles of disorder, quantum tuning with hydrostatic pressure and a fixed amount of disorder provides unambiguous information, in contrast to the uncertainty arising from varying degrees of disorder inherent in substitution tuning.
METHODS
In positive MuSR (μ + SR) measurements, spin-polarized positive muons are implanted in the specimen for condensed matter physics studies. In the case of measurements under applied pressure at PSI, a high-momentum (60-125 MeV/c) muon beam generated from pions decaying in flight must be used so that the muons can penetrate the pressure cell and reach the specimen. After losing its kinetic energy within 1 ns after implantation, the muon stops at an interstitial site in the specimen (or the wall of the pressure cell), and usually rests there with a mean lifetime of 2.2 μs until it decays and emits a positron. The angular distribution of positron emission is maximal along the muon spin direction at the time of decay. For the dc muon beam facilities at PSI and TRIUMF, beam collimation and logic circuits ensure that only one muon exists within the specimen at a given time. The time spectra of positron events F(t) and B(t), where t is the time after muon implantation, are recorded by two sets of counters, labeled forward (F) and backward (B), that are placed in front of and behind the sample with respect to the initial muon spin direction. After normalizing the solid-angle factors between the two counters, the ratio [B(t) − F(t)]/[F(t) + B(t)] represents the time evolution of muon spin polarization AG(t), where A = 0.2-0.3 is the initial decay asymmetry and G(t) denotes the muon spin relaxation function. In the present paper, the time spectra AG(t) are displayed in Fig. 2 . A discussion of relaxation functions in various systems can be found in ref. 33 , while technical details of the measurements under applied pressure at PSI are described in ref. 32 .
In MuSR, muons stopping in different environments contribute additively to the observed asymmetry AG(t). In the present study, out of total initial asymmetry of A~0.27, the contributions from the specimen, pressure cell wall, and other backgrounds were approximately 0.12, 0.12, and 0.03, respectively, as described in the Supplementary Information (SI). This implies that about 40% of the total signal came from the specimen. Similarly, if there are two different phases in the specimen, the signals from different regions (phases) can be observed as different additive responses. In the present analyses, the observed signal from the specimen was decomposed into a signal from the magnetically ordered volumes with the temperature-dependent initial asymmetry A 1 (T) and a signal from the paramagnetic volume with A 2 (T), as shown in the SI. This allows a determination of the ordered volume fraction f mag = A 1 /(A 1 + A 2 ), which is shown in Fig. 3a , c, e in the main text, for various temperatures T and pressures p.
The single crystal of (Mn,Fe)Si used in the present study was grown at Karlsruhe Institute of Technology by the vertical Bridgman technique from a stoichiometric mixture of Mn (4N), Fe (2N5+), and Si (5N) in an Al 2 O 3 crucible. A second crucible filled with pieces of Zr sponge was placed underneath the Bridgman crucible to getter gaseous impurities inside the working tube during crystal growth. Results for single crystals made by the same method as the present specimens were reported in ref. 38 . The size of the present single crystal and the ratio of the signals from the specimen and the pressure cell wall are described in the SI.
Data availability
The data of the MuSR measurements discussed in this work were obtained using the GPD instrument at PSI. They can be accessed at the PSI web site http://musruser.psi.ch/cgi-bin/SearchDB.cgi, as Run # 706 -# 1175 of the year 2009.
